Preliminary investigations are summarized on the possible use of the CTF3 facility for extended beam-dynamics studies and advanced accelerator R&D, which would exploit its unique properties and beam availability. The key element of these considerations is the possible addition of a test beam-delivery system comprising a compact final focus and advanced collimation concepts, scaled from 3 TeV down to low energy and having a short total length. Operational experience, verification of critical questions (octupole tail folding, beam halo transport, etc.), diagnostics (e.g., rf BPMs) and stabilization could all be explored in such a facility, which would benefit not only the CLIC study, but all linear collider projects. Another interesting application would be the study of plasma-beam interaction, which may include plasma focusing, plasma acceleration, ion-channel radiation, and plasma wigglers. Preliminary investigations are summarized on the possible use of the CTF3 facility for extended beam-dynamics studies and advanced accelerator R&D, which would exploit its unique properties and beam availability. The key element of these considerations is the possible addition of a test beam-delivery system comprising a compact final focus and advanced collimation concepts, scaled from 3 TeV down to low energy and having a short total length. Operational experience, verification of critical questions (octupole tail folding, beam halo transport, etc.), diagnostics (e.g., rf BPMs) and stabilization could all be explored in such a facility, which would benefit not only the CLIC study, but all linear collider projects. Another interesting application would be the study of plasma-beam interaction, which may include plasma focusing, plasma acceleration, ion-channel radiation, and plasma wigglers.
INTRODUCTION
In the context of the Nanobeam 2002 workshop, discussions started on the use of CTF-3 beyond present goals of drive-beam generation and 30-GHz rf power tests [1] . A first brainstorming gave a long list of possible study items (we here give only the keywords):
• Final-focus test stand. Construct a 10-20 m long Raimondi final focus [2] for a first experimental demonstration of such a system, at a beam energy of 150-400 MeV; produce 100-500 nm size beams in this facility; test precision diagnostics (conventional and rf BPMs with 10s of nm resolution, profile monitors); demonstrate active stabilization for an operating beam line and detect the effect on the beam motion; octupole tail folding; nonlinear collimation system; halo generation and transport; collimation and wake fields; measure the combined effect of crab cavities, crossing angle, and (weak) 'detector' solenoid on the vertical spot size at the focal point; photon-collider testbed, which can demonstrate beam-based stabilization of the laser system and multiple laser-beam collisions.
• Diagnostics. Develop and test multibunch BPMs and rf BPMs; use rf BPMs to measure the trajectory slope and bunch tilt; bunch length and beam profile measurements.
• Wake Fields. Measure multibunch wake fields in the linac, and wake fields from collimators.
• Feedback. Test of linac orbit feedback for CLIC beam structure. Test of fast inter-bunch train feedbacks. Demonstration of CLIC beam loading compensation.
• X-ray source. RF wiggler or Compton scattering using a laser. (These could be interesting options for the damping ring.)
• Advanced ideas, high-gradient studies, and plasma applications. Two final foci with collisions; beam splitting using rf deflectors; recirculation and energy recovery studies; beam-beam compensation; plasma acceleration; plasma wiggler (also of interest for the damping ring); plasma lens; plasma gun.
• Others. Positron target test; radiation physics; polarized positron source. Flat-beam photo-rf gun. DC guǹ a la Shintake.
Most intriguing seems to be the construction of a compact final focus, which is not only of interest in itself, but at the same time could provide the beam and the location for (almost) all the other studies mentioned. The final focus must be scaled from the 3-TeV design to low energy (and large emittance). As we shall show below, the final focus could produce spot sizes of a few 100 nm; it should readily allow for an experimental verification of beam-halo transport, tail folding using octupoles, and nonlinear collimation. Two test facilities containing a similar compact final focus system are under consideration at SLAC and KEK. The SPHINX/LINX facility was proposed at the former SLC/SLD in Stanford [3] . The proposal includes a testbed for photon collider R&D. An upgrade comprising a compact final focus was also studied for the KEK/ATF [4] . The beam energy in both these alternative facilites would be higher than what can be realized at CTF-3, namely about 30 GeV for LINX and 1.3 GeV at the ATF. In addition, the ATF final focus would have the advantage of using a lowemittance beam extracted from the damping ring. On the other hand, the realization of either of these two projects is doubtful in view of funding difficulties and the high cost. The less expensive CTF-3 extension would offer the advantage of the potential operation with a multi-bunch train with a beam time structure similar to those foreseen in the CLIC and NLC designs, and a higher repetition rate than the ATF.
PARAMETERS AND SCHEDULE
Beam parameters for CTF-3 are listed in Table 1 . The numbers refer to a single drive-beam bunch. The emittance val-Possible locations of final focus test 
COMPACT FINAL FOCUS
A compact final focus has first been proposed by P. Raimondi and A. Seryi for the NLC [2] . Following the approach by S. Kuroda for the KEK ATF-II [4, 5] , we developed a design procedure for CTF-3, the details of which are discussed in Appendix A. A preliminary draft optics for CTF-3 parameters is shown in Fig. 2 
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4000. The parameters at the focal point are summarized in Table 2. For emittances less than 1 µm and a maximum energy spread of 0.2%, the vertical spot size varies between 200 nm and 1.5 µm. It appears that, for this draft system, a 500-nm spot size would be a reasonable experimental goal. The normalized emittance of about 1 µm requires a lowemittance photo-injector as the drive beam source for CTF-3. For an rms momentum spread below 0.1%, the horizontal beam size is a factor 4-6 larger than the value of 4-8 µm expected from the linear optics. The discrepancy increases for larger momentum spreads. The horizontal spot size is completely dominated by dispersive and chromatic aberra- tions, since we have made no attempt to correct aberrations in the horizontal plane. In future studies, we may consider zeroing the 3rd order aberration for the horizontal plane by fulfilling Eq. (21) of Appendix A. Both horizontal and vertical beam sizes are very sensitive to the rms momentum spread. For example, doubling the momentum spread from 0.1% to 0.2% increases the vertical or horiozntal spot size by factors of 3 or 6-7, respectively.
BEAM HALO STUDIES
Substantial beam halos were observed in the SLC. The origin was not identified. Beam halo collimation at high energies is expected to be difficult. It would be very useful to learn more about the origin of beam halos in linear accelerators and ways to minimize them. We propose to consider to instrument the end of the linac or final focus sections for such studies. Beam halo studies by tail scans using movable scrapers and beam loss monitors were pioneered in LEP [7] . They allowed quantitative beam halo studies over broad ranges of beam intensities and halo levels. We propose to consider to equip the final focus test with scrapers and loss monitors similar to what has been used in LEP. The aim of these studies would be to gain insight into the generation of beam halo at low energies and to validate existing modelling tools for the particle transport at large amplitudes. On the other hand, shower development and the number of secondaries produced by scraping are of less interest in this facility, since they will be quite different from those at multi-TeV energies.
Octupole tail folding at the final foublet was proposed as a means to increase the required collimation depth and minimize wake-field effect [6] . This scheme has never been demonstrated experimentally for a linear-collider like beam, and there is some concern about the correct modelling of particle transport at large betatron amplitudes. A recent comparison of 4 codes revealed significant differences already at moderate amplitudes, and even in the absence of synchrotron radiation [8, 9] . That means that not only the generation of beam tails, but also their transport dynamics appears highly uncertain.
At Nanobeam 2002, the experimental demonstration of tail folding was considered to be necessary prior to construction of a next linear collider. The CTF-3 final focus test stand would allow for an experimental set up, whose results could be cross-checked with simulations. 
TUNING SCHEMES
Tuning the spot size (and luminosity) of a final focus is not a trivial task. At the SLC, the tuning procedures were improved every year, with large changes continuing even in the last months of operation. One of the goals of the FFTB at SLAC was to demonstrate the efficiency and convergence of the spot size tuning. While both the SLC and FFTB systems were modular systems, with obvious choices for the tuning knobs, this is no longer the case for the compact final-focus design. Here, the transfer matrices between a small number of quadrupoles are adjusted to comply with several constraints, and fulfill various functions at the same time.
One possibility for tuning is to vary the transverse positions of the sextupoles. Simulation studies for the NLC were reported in Ref. [10] . However, not every aberration can be corrected in this way. In particular the simultaneous correction of chromaticities and second order disper- 10-50 mm sion can pose problems, as will the higher-order terms. A practical demonstration in CTF-3 will prove an invaluable method to learn more about the tuning potential of the compact final-focus system, and, if necessary, adapt the design according to the findings. A related issue is the identification of appropriate tuning signals.
Another interesting study would address a question raised by M. Ross at the workshop, namely whether and how tuning could be used to uncover the source of an error, which was barely done at the SLC.
FEEDBACK
Several feedbacks could be tested using BPM signals. Of interest is the performance of a fast intra-bunchtrain feedback (for the CLIC collision point), as well as a performance evaluation of linac orbit feedbacks for the CLIC main beam pattern and, possibly, the CLIC drive beam.
The CTF-3 bunch spacing prior to compression is 20 cm and, hence, it is identical to the spacing for the main beam in CLIC. The bunch spacing after compression is 2 cm, which is the same value as for the CLIC drive beam.
Therefore, CTF-3 would offer the unique opportunity to study and compare the performance of orbit feedbacks for all major parts of the CLIC project. Similar feedback studies are presently being conducted at the NLCTA for the NLC parameters, in the framework of the UK-funded FONT project [12] .
Beam loading compensation is another issue of great importance and rather specific to CLIC.
COLLIMATION
For the 3-TeV CLIC, a nonlinear collimation system employing three skew sextupoles and a single vertical spoiler [11] have been investigated as an alternative to the traditional linear baseline system. A practical test of both linear and nonlinear collimation systems and a comparison of their respective performance would be desirable. This requires detectors, additional collimators, or sensitive profile diagnostics, which can detect and quantify the beam halo.
INSTRUMENTATION
If a test facility is built, the outcome will strongly depend on the available beam diagnostics. At least 10 precision BPMs are needed in the final focus alone, for optics monitoring and trajectory feedback.
Laser Wire, Profile diagnostics, and Bunch Length Measurements
Currently there is great interest in the possible use of a laser wire for non-destructive beam-size measurements in the 3-TeV CLIC beam-delivery system [13] . A prototype laser wire has been tested at CTF-2, where rather high background was observed [14] . If placed near the focal point of a CTF-3 test stand, a better resolution may be achieved. This might constitute one possibility for measuring and optimizing the small spot size. The laser Rayleigh length must be large compared with the horizontal beam size. Therefore, for applications using a laser wire it would be necessary either to reduce the horizontal spot size, or to measure larger vertical beam sizes, e.g., away from the focal point. Namely, the laser wavelength required is [15] 
which is only 10 nm at the focal point for σ x ≈ 30 µm, and σ y ≈ 500 nm. Other, perhaps more promising beam-size diagnostics include monitors using optical transition radiation or optical diffraction radiation [16] .
Bunch length can be measured using rf signals picked up with an antenna, electro-optical monitors, or an rf streak (from rf deflector) as proposed for the LCLS project [17] .
RF BPMS
Cavity BPMs are of great interest for a variety of reasons. First, they can achieve an unparalleled resolution; 25 nm single-shot resolution was demonstrated at the FFTB. Placing three RF BPMs in series at the focal point would make it possible to identify the waist location and to infer the beta functions at the focal point. This might provide a much better and more reliable way to tune the final focus than a profile monitor, that is difficult to construct and potentially expensive.
Second, the signal from the RF BPM is sensitive to trajectory slope and to an internal tilt of the bunch [17] . Third, the evaluation and possible compensation of drifts in the position readings of both RF and regular BPMs would be an invaluable input to tuning and stability simulations.
Also novel electro-optical detectors could be developed and tested at the CTF-3 facility [17] .
INTERACTION REGION
The combined effects of solenoid, crossing angle, crab cavities lead to an increase in the effective vertical spot size at the collision point, and to a significant reduction of luminosity. These effects might be reduced by a vertical crab cavity [18] .
The experimental study of these effects (and possibly other related phenomena) and their correction at CTF-3 would be a valuable demonstration that no physics is missing and that the countermeasure functions as predicted. The solenoid could be very weak, e.g., 100 G, should do. The 'virtual' crossing angle can be adjusted by rotating the solenoid. A horizontal rf deflector could serve as a crab cavity, and the compensation could be attempted via a second weaker and vertical rf deflector. A (time-resolved?) spot size measurement at the focal point would be desirable. Stabilization of the deflector rf phases with respect to the beam might also be looked at.
STABILIZATION & VIBRATION
The test stand would provide a unique extension of the extremely successful CLIC stability study [19] . By actively stabilizing real beam line elements, the direct effect on the beam motion could be studied, using BPMs. Roughly a third of the final focus, including the most critical components could be accommodated on the stabilized platform. There is no other comparable experiment planned anywhere in the world.
GAMMA-GAMMA R&D
Important aspects for the technical feasibility of a photon collider [20, 21, 22, 23] could also be tested at the CTF-3 final focus. For this purpose the SPHINX/LINX facility was proposed at the former SLC/SLD collision point in Stanford. However, the realization of this project appears doubtful due to budgetary reasons, and a less expensive alternative is called for. CTF-3 could suit this purpose. We propose to collide the single (drive) beam of CTF-3 with a single laser pulse to study several critical elements of the photon-photon scheme and its technology.
A prototype of the focusing mirrors along with their mounts, as designed for an LC interaction region would be installed. This would allow the stabilization of the laser focus relative to the beam to be demonstrated under realistic conditions. The mirror position would be varied by piezoelectric movers, in response to a signal from the laserbeam interaction, so as to optimize the beam-laser overlap and maintain an efficient conversion rate. Timing drifts between particle beam and laser are another issue which could be explored at this facility.
For a useful demonstration of stabilization the electron spot size must be smaller than the laser spot. The round laser spot size is of the order of 10 µm. The ideal spot size for the particle beam is also round. For this, the optics presented in Section 3 must be slightly modified. We expect that a spot size of 2-3 µm in both planes will be feasible at 400 MeV. Given the size of the laser, this spot appears sufficient.
A number of signals could be used to measure the conversion rate and provide a feedback signal to the stabilization. A small calorimeter could be used to directly measure the converted photons after the electron beam had been bent out of the way. Given that each conversion degrades the energy of one of the electrons in the bunch, another method would be to monitor the spent electron beam using a downstream energy spectrometer.
Unlike SLC, which runs with a single electron bunch, the multi-bunch capability of CTF-3 (at a lower energy of about 150 MeV) opens a new possibility for testing photon collider technology. The photon collider design assumes that a single large laser pulse is split into sub-pulses and time delayed to match the electron beam format with a system of optics. These optics will be difficult to align and may degrade the quality of the laser pulse. The CTF-3 facility would allow such a system to be prototyped and demonstrated.
The nominal CTF-3 repetition rate is 5 Hz, though the rf repetition rate is 30 Hz (which might suggest that one could also run beam at 30 Hz). The bunch-to-bunch spacing can be varied from 0.67 ns down to 0.067 ns, and there are 2100 bunches per pulse. By using every fifth pulse and running at 0.67 ns a bunch train very similar in time structure to the NLC beam could be simulated. The 0.67 ns corresponds to the nominal bunch spacing in CLIC.
WAKE FIELDS
Wake fields have been a concern throughout the life of the SLC. In particular, the verification of multi-bunch wake fields and collimator wake fields would be of interest. The wake deflects an off-center trajectory, which can be detected with downstream BPMs. This could be part of the collimation study.
INJECTOR UPGRADES
At the Fermilab A0 beam line, the possibility of a flat-beam rf gun was demonstrated; an emittance ratio of 40 was obtained [24] (about a factor 6 change in each plane). Here, the cathode is placed in a strong solenoid field, and the ensuing rotation, after exiting through the solenoid fringe, is taken out by three skew quadrupoles, in such a way as to make the beam flat. Application to CTF-3 might yield a normalized emittance of 6 µm horizontally and 0.2 µm vertically. We should then reach a spot size below 200 nm.
A high-voltage pulsed or dc thermionic gun, e.g., as considered by T. Shintake for the SSCS project, is predicted to provide a factor 2-5 lower emittance even than a photoinjector [25] . This would be an alternative approach of reaching emittances well below 1 µm.
PLASMA POSSIBILITIES
Plasmas can be used to focus or to accelerate. They have potential applications for high-gradient acceleration [26] or as a plasma lens in linear colliders [28] . Another different application would be to tailor the synchrotron radiation emitted by electrons in a plasma-focusing channel [29] , so as to obtain fast damping, similar to the effect of a highly efficient wiggler with extremely short period. The use of such 'plasma wigglers' [30] could revolutionize the damping ring design.
OUTLOOK
Most of these ideas are still premature, and their pursuit will require a more detailed design study. Nevertheless, these ideas are interesting, because a much larger community could be involved than with the CTF-3 base program alone. The studies proposed here are of interest to all linear collider projects and the whole accelerator physics community. Advanced accelerator research in Europe is underdeveloped and, contrary to the US, completely disconnected from the big accelerator laboratories. CERN would have the opportunity to assume a core role and guide the European or worldwide initiatives.
We also recall that a similar final focus project has been proposed for the KEK/ATF. In case the KEK project is funded, which appears highly uncertain at the time of this writing, we should not duplicate the Japanese studies, but concentrate on different non-overlapping topics. Advanced accelerator research is also pursued at the BNL/ATF, which we could take as an excellent example of what can be achieved with limited resources, but a lot of imagination and vision. The EPFL Lausanne, PSI or other light sources may well be interested in a partial collaboration on X-ray FEL R&D. Last but not least, the CTF-3 offers a unique opportunity to test the key components of a photon collider.
A FINAL-FOCUS DESIGN PROCEDURE

A.1 Recipe
The design procedure was inspired by S. Kuroda's scheme for ATF-II [4, 5] . It consists of the following steps:
(1) We first create a basic inverse beam line starting at the IP, consisting of 1 dipole, 8 quadrupoles (4 upstream and 4 downstream of the bending magnet), a specifically selected free length from IP to the first quadrupole, and 4 sextupoles, two upstream and to downstream of the dipole. The bending angle is set to a pre-selected value. Since synchrotron radiation is not an issue at 400 MeV (assumed maximum energy of a single bunch in CTF-3), we chose 50 mrad.
(2) We next match the two R matrices between conjugate pairs of sextupoles (1 + 3 and 2 + 4) to "pseudo" −I transforms, with R 11 = R 33 , R 12 = R 34 = 0, but in general R 43 = 0 and R 21 = 0.
(3) We then adjust the strength of the final quadrupole, so as to minimize the quadratic sum of the 3rd order optical aberrations U 1244 (equal U 3224 ) and U 3444 , computed as in Kuroda's paper. The final value of their quadratic sum is 10
, down from an initial value of 0.5. We discuss this constraint below.
(4) We launch the dispersion at the focal point with a nonzero slope such that the divergence due to the dispersion and energy spread is about equal to that from the horizontal emittance and beta function. We further add an upstream bending magnet and four quadrupoles, which are located between this bending magnet and the first sextupole. Still considering the inverse system (starting from the IP), we match the dispersion by adjusting the strengths of the 4 quadrupoles as well as the bending angle of the newly added dipole.
(5) Afterwards, we match the beta and alpha functions at the exit of the inverse system, or at the entrance of the real beam line, by adjusting the strengths of 4 quadrupoles which we introduce upstream of the first bend. The final focus is now (almost) complete, and its total length determined.
(6) We next invert this final-focus system and follow the direction of the beam propagation. In the simulation, we add the inverse of the total 4 × 4 R matrix at the entrance of the beam line, such that the 4×4 R matrix for the combined system is equal to the identity. We relate the strengths of the paired sextupoles (1 and 3, or 2 and 4) by K 1 = −K 3 R are the (1,1) matrix elements between sextupole 1 and 3 or 2 and 4. We then minimize the third order terms T 166 , T 126 , and T 346 , by optimizing the strength of the two families of sextupoles.
(7) Since there are 3 constraints, and only two sextupole strengths, the last step does not fully converge. Therefore, we insert an additional quadrupole at the center of the first bend, and vary its strength. For each value of the quadrupole strength, we repeat the steps (4) to (6) , until the values of T 166 , T 126 , and T 346 are sufficiently small.
The system so obtained is fully corrected in 2nd and 3rd order. However, for the large emittances of CTF3, higher order aberrations limit the performance. These are not easily accessible in MAD.
A.2 3rd Order Aberrations
The primary aberrations arise from the 4 sextupoles. We analyse the combined system using the Lie algebra technique described by J. Irwin [31] .
In a thin-lens approximation, the nonlinear Lie generators (acting on the IP coordinates) can be written as 
where the subindex 1, e.g., refers to the first sextupole in the beam line. Because of the pseudo −I transformation, we further have 
where for simplciity we omitted some additive terms related to dispersion, which would be of the form R 16 δ. Next, choosing the sextupole strengths as 
